Abstract: To examine the feasibility of a newly proposed rapid tooling process based on the backing of a metal shell with metal powders, the compressive deformation behaviour of selected metal powders and metal shells was investigated. It was found that the mechanical properties of the powder material and the mixing ratio of powders of different sizes had a significant effect on the compressive deformation behaviour of the compacted powders. Softer metal powders with the same compressive stress tended to produce greater plastic deformation and formed a block under a stress of 138 MPa. Mixing two or more powders of different sizes could significantly increase the deformation resistance of the compacted powders. Minimum plastic deformation was achieved when the fraction of the coarse powder in a binary powder mixture reached 0.77. Initial loading at a higher stress could minimize or eliminate the plastic deformation in subsequent loading cycles. This feature could be used advantageously in powder packing for the proposed new rapid tooling process. Some elastic properties of the compacted metal powders were also determined from the compression experimental data.
INTRODUCTION
Owing to the globalization of the world economy and the consequent increase in competition, it is more important than ever for manufacturers to shorten their product development and manufacturing cycles. The current competitive market not only requires faster product development and reduced production time, but also demands higher quality, greater efficiencies, lower cost, and the ability to meet environmental and recycling objectives. Key elements of rapid manufacturing are rapid prototyping (RP) and rapid tooling (RT), which are attracting increased interest from manufacturers [1] .
Rapid prototyping technologies, which emerged in the late 1980s and early 1990s, provide manuacturers with a new approach for the fabrication of their models. Based on a layered, additive manufacturing methodology, the RP processes can produce solid models from a computer design in a fraction of the time needed by conventional fabrication methods. Tooling is a critical step in the product development and manufacturing processes, and is usually expensive and time consuming. Therefore, shortening the tooling lead time plays a key role in the reduction of the overall product development time and meets a strong demand by the manufacturing industry. The emergence of RP technologies and the constant improvements in the accuracy and capacity of RP processes have led to the development of various RT technologies [2 -5] , which have resulted in tools that can be fabricated rapidly using an RP process. Therefore, the cost and lead time to produce tools can be reduced significantly.
The effects of various parameters on the deformation behaviours of metal powders under compressive loading are investigated experimentally in order to examine the feasibility of a newly proposed rapid tooling process based on backing of a metal shell with metal powders. The experimental results are used to obtain the elastic properties of the compacted metal powders under various loading conditions. These are important parameters for the deformation analysis of the metal shell and powder assembly used in the new RT process, which will be conducted in subsequent work.
PROPOSED NEW RAPID TOOLING PROCESS
The newly proposed RT process is illustrated schematically in Fig. 1 . The process begins with a threedimensional computer model of the mould design. A pattern with complementary shape to the mould and a wall enclosure is created on a computer and fabricated using a plastic material by an RP process. Stereolithography is used in this study since it provides better pattern accuracy and surface finish compared with other RP processes. The inner surfaces of the plastic pattern will, therefore, become the outer surfaces of the mould. After proper polishing and treatment of the inner surfaces of the plastic pattern, a metal shell is deposited onto the inner side of the plastic pattern using a suitable process, such as electrochemical or metal spray deposition. The thickness of the metal shell depends on the part size, performance requirements and the materials deposited. Normally a few millimetres is sufficient. The plastic pattern is then removed and a metal shell with a wall enclosure is formed. Metal shell reinforcing ribs are added to the back of the metal shell to improve its strength and rigidity. Metal powders are then packed into the back of the metal shell to provide mechanical support to the shell. Finally, the back side of the mould is sealed and the process is completed. This new rapid tooling process is suitable for the fabrication of injection moulds for pre-production prototype making and low-volume manufacturing.
COMPRESSION EXPERIMENTS
The metal powders used for the compression experiments are given in Table 1 . Three kinds of powders were selected to provide different particle shapes and hardness. The T-15 tool steel powder contains high concentration of carbon and other alloy elements and is spherical in shape. ATOMET 1001 and DISTALOY 4600A are pure iron and low alloy steel powders, respectively, with irregular shapes. The tool steel powder has a hardness of HRB 220 as compared with hardnesses of HRB 48 and 79 for the pure iron and low alloy steel powders. For the T-15 powders, two sizes of particles are used to examine the compression behaviour of the powder mixtures. The coarse powder ranges from 45 to 350 mm in size and the fine powder ranges from 6 to 22 mm. The sizes of the powders were chosen so that the size ratio of coarse powder and the fine powder is greater than 7. The mixing ratio of the coarse and fine powders was varied between 0.70 and 0.80 based on previous work [6] .
The compression tests are carried out using an Instron Mechanical Testing System according to [7] in an axial compression die shown schematically in Fig. 2 . The powder is dried in an oven at 105 8C for 30 min before the compression test to remove any absorbed moisture. The powder is vibrated for 15 min in the single component powder compression test after being loaded into the compression die. The coarse and fine powders are carefully mixed in the die and are then vibrated for 15 min before the compression test of the mixed powders. The loading and unloading rate is 10 kN/min, and the maximum compressive stress used is 138 MPa, corresponding to the maximum injection molding pressure used for forming most engineering plastics.
RESULTS AND DISCUSSIONS
4.1 Effect of powder material properties on the compressive properties of the powder Table 2 shows the results of the single loadingunloading compression experiments for the three coarse powders listed in Table 1 . The powder compact density is defined as the ratio of the volume occupied by the powder to the total volume after compression, that is,
where V TOTAL is the total volume of the powder, W is the weight of the powder, and r is the material density of the powder. It is seen that the powder properties have a significant effect on the compressive characteristics of the powder. The total strain under the same loading condition for the compacted T-15 tool steel powder is 0.157, which is the smallest among all powders considered. In contrast, the total strain for the compacted ATOMET 1001 powder is largest at 0.462, three times that of the T-15 tool steel powder. For purposes of comparison, the packing density, which is defined as the ratio of the volume occupied by the powder to the total volume without compression, obtained from previous work [6] is also given in Table 2 . It can be seen that the change between the powder compact density and packing density is smallest for the T-15 tool steel powder, which corresponds to the smallest total strain. Therefore, as expected, powders with higher hardness produce smaller compressive strain and density change under the same compressive load. It is also observed that the T-15 tool steel powder has the lowest compact density after compression, although it has the highest packing density before compression. Therefore, for the same powder compact density, harder materials can support bigger loads. This suggests that powders with high hardness are preferred for the backing application in the proposed new RT process. In addition, the test indicates that soft powders such as DISTALOY 4600A and ATOMET 1001 tend to form blocks after compression. Such powder blocks cannot be reused for tooling applications because they lose the filling capability that powders possess.
In contrast, the compacted T-15 tool steel powder remains in a loose condition after compression at a compression stress of up to 138 MPa. Such powders are better choices for the application in the proposed new RT process from a reusable point of view. Therefore, the T-15 tool steel powder is used in the experiments conducted in subsequent sections.
Effect of the mixing ratio on the compressive properties of binary powder mixtures
The RT process considered in the current study requires a higher packing density to achieve sufficient load transfer ability. The addition of smaller particles into a packing structure consisting of large particles can greatly improve the packing density.
Experiments that involve the binary powder mixture of the coarse T-15 powder and fine T-15 powder at different mixing ratios using a single loadingunloading compression cycle are also carried out. The mixing ratio is defined as the ratio of the weight of the coarse powder to the total weight of the powder mixture. Table 3 shows the total compressive strain and corresponding powder compact density of the binary powder mixture at different mixing ratios. It can be seen from the results that at the mixing ratio of 0.77, the total strain is minimal. This represents an optimal powder mixing ratio at which the powder packing density is maximal. This can be explained by observing the packing of the binary powder mixtures with different mixing ratios. When small particles are added to fill the voids between the large particles, the porosity of the binary powder mixture decreases. Therefore, the packing density of the binary powder mixture increases. When small particles fill all of the voids without forcing large particles apart, the packing density of the binary powder mixture is at its maximum value. The further addition of small particles forces the large particles apart and the packing density decreases. Based on the work by Jiang et al. [6] , the optimal mixing ratio at which the packing density of the powder mixture is maximal is 0.77 for the T-15 tool steel powder mixture. It is clear that the optimal mixing ratio corresponding to a maximum powder packing density produces the least compressive deformation.
Compressive behaviour of powders in multiple loading -unloading cycles
To investigate the effect of loading history on the deformation behaviour of the compacted metal powder, multiple loading -unloading experiments for the T-15 binary powder mixture with a mixing ratio of 0.77 are carried out using a five-cycle loading pattern shown in Fig. 3 .
Loading history and critical point
The loading -unloading curves for the five-cycle compression test are shown in Fig. 4 . The first loading curve is significantly different from the succeeding unloading and reloading curves. For the same load, it showed that the total deformation is twice as much as the other curves. Upon unloading during the first cycle, approximately 50 per cent of the deformation is recovered, indicating a large amount of irreversible deformation during the first load cycle. After the unloading, the next reloading curve crosses the previous unloading curve at a certain stress level. A pair of unloading and subsequent reloading curves form a cross point, as shown in Fig. 4 . This cross point is referred to as the critical point. The unloading and reloading curves become parallel and closer to each other as the reloading and unloading cycles proceed. The tangent of the unloading or the reloading curve increases over cycles and approaches a constant value. The critical point has two features. First, when the load is below the critical point, the reloading curve lies on the left side of the unloading curve of the previous cycle and the two curves essentially overlap with each other, indicating that the deformation below the critical point is mostly elastic in nature.
On the other hand, when the reloading load goes beyond the critical point, the strain of reloading exceeds that in the previous unloading process, and the curves show a hysteresis. Secondly, the stress corresponding to the critical point moves higher with an increased number of cycles, as shown in Fig. 4 .
The deformation behaviour and the critical point phenomenon can be understood from the deformation mechanisms of the powder compact. During the first loading cycle, the vibration packed powder particles only have point contacts with each other and will go through a large amount of irreversible deformation through such mechanisms as relative particle movement, plastic deformation at contacting points, and perhaps particle fracture for brittle particles [8] . Elastic deformation will increase with the increase in the load and the decrease in the irreversible deformation. Upon unloading in the first load cycle, only the elastic component of the deformation is recovered, leaving a significant amount of irreversible deformation. During the succeeding loading cycles, the irreversible deformation mechanisms have largely been exhausted, and therefore a major portion of the deformation is elastic in nature. In particular, when the load is below the critical point, the deformation is essentially elastic and completely reversible. However, when load is high enough, that is, beyond the critical points, some of the irreversible deformation mechanisms, such as local plastic deformation and particle relative movements, can further contribute to the unrecoverable deformation. It can be expected that with the proceeding of repeated loading -unloading cycles, the available sites and the amount of irreversible deformation will be gradually reduced, therefore resulting in increased critical point and tangent of the loading -unloading curves. These features indicate that the elastic properties of compacted powders can be controlled with properly designed loading -unloading cycles. Figure 5 shows the effect of the binary mixing ratio on the position of the critical point. The compressive stresses corresponding to the first and the fourth critical points are shown in Table 4 . It can be seen from Table 4 that the binary powder mixture with a mixing ratio of 0.77 has higher critical points compared to the powder mixtures with mixing ratios of 0.74 and 0.80, respectively. The mixing ratio of 0.77 corresponds to the highest powder packing density in the binary packing system. A higher critical point means a higher deformation resistance in the subsequent reloading. High deformation resistance is beneficial for maintaining the integrity of tooling under working conditions for the intended application.
Effect of the mixing ratio on the critical point

Effect of loading history on the compressive properties of binary powder mixtures
Excessive deformation of compacted powders in the proposed RT application is undesirable and must be avoided. To minimize the deformation of the powder compacts under repeated compressive load cycles, two new compression tests are designed and carried out to examine the deformation behaviour of compacted powders under cyclic loading below the critical point using the binary T-15 tool steel powder mixture. The loading patterns for the two tests are shown in Figs 6 and 7, respectively. In the first test, after two cycles of loading and unloading at the maximum load of 138 MPa, three more cycles of loading -unloading are added with a maximum load set at 60 per cent of the previous maximum load, as shown in Fig. 6 . The new maximum load after initial loading was chosen as 60 per cent of the initial maximum load so that it is safely below the critical points on the initial loading curves (the stresses at critical points are at least 80 per cent of the maximum load for the mixture with a mixing ratio of 0.77 as shown in Fig. 5(b) ) and still practical for injection molding of engineering plastics. In the second test, the powder first undergoes five loading and unloading cycles with a maximum load of 138 MPa, and three more cycles are followed with the maximum load set at 60 per cent of that used in previous cycles, as shown in Fig. 7 . Figure 8 shows the loading-unloading curves of the compression test using the loading pattern shown in Fig. 6 and powder mixtures with mixing For all mixing ratios studied, there is no further strain increase observed in the three loading-unloading cycles with reduced maximum load. Details of the stress-strain curves for the mixing ratio of 0.77 are given in Fig. 9 . Figure 10 shows the experimental results for the second loading pattern shown in Fig. 7 . Again, there is no further increase in the total strain observed in the three loading-unloading cycles with reduced maximum load. These results indicate that by properly pre-compressing the metal powders, plastic deformation of the backing metal powders can be eliminated in the proposed RT process. It is also seen that the increase in the total strain in the first five loading -unloading cycles is smallest for the mixing ratio of 0.77 among all powder mixtures examined. This is consistent with the results from the compression test using a single loadingunloading cycle. Table 5 shows the change in total strain and powder compact density between the second loading and the last loading for the loading pattern shown in Fig. 7 . It is seen that the powder mixture with a mixing ratio of 0.77 has the least increase in both the total strain and powder compact density between the second loading and the last loading. The increase in the total strain is less than 5 per cent for the powder mixture with a mixing ratio of 0.77, indicating that the plastic deformation after the second loading cycle is very small.
Elastic properties of compacted powders
Elastic properties, such as Young's modulus and Poisson's ratio of compacted powders are important parameters for the deformation analysis of the metal shell and powder assembly used in the new RT process. Linear elasticity (Young's modulus and Poisson's ratio) is often sufficient to describe the behaviour of packed powders [9] . However, few studies report the elastic properties of unsintered compacted powders [8] . Hehenberger et al. [10] interpret the unloading curves of uniaxial compression of compacted powders in terms of Young's modulus and Poisson's ratio. Young's modulus and Poisson's ratios for the compacted binary T-15 powder mixture are obtained experimentally in this study using the data from the uniaxial compression test. The compaction of powders involves a number of different mechanisms. These mechanisms are interrelated through particle interactions that in turn depend on the distributed and individual particle properties. In contrast, unloading of the compacted powder is largely a linear elastic process. Therefore, the elastic properties of compacted powders can be more accurately determined from the elastic unloading process.
Typical unloading and reloading curves used for the calculation of the elastic properties of the compacted powder are shown in Fig. 11 . Although the curves are not entirely linear, both the unloading and reloading curves have an apparently linear portion that is consistent with elastic deformation. In this linear portion, the reloading compressive strain does not exceed the previous unloading strain and the curve lies on the left of the previous unloading curve in the stress-strain diagram. In the current study, the elastic properties of compacted powders are calculated from the linear portion of the unloading curve. The linear portion is taken from the point with 20 per cent of the maximum loading stress to the critical point. The elastic parameters of compacted powders are calculated using linear elastic theory. Figure 12 shows the unloading curve obtained from the compression test in the fifth unloading phase for the T-15 powder mixture with a mixing ratio of 0.77. The Young's modulus of a compacted powder is calculated as
where s is compressive stress [MPa] and 1 is compressive strain. 'A' and 'B' could be any two points on the straight line as shown in Fig. 12 . A linear regression analysis shows that the R-squared value for the curve shown in Fig. 12 is 0.9982. It indicates that the trend line of the selected segment matches well with the actual experimental data. The tangent of the trend line is 1679.8 MPa, which is the Young's modulus of the compacted T-15 powder mixture at a mixing ratio of 0.77. For the calculation of the Poisson's ratio, it is assumed that the compression die is rigid, and the deformation on the inner surface of the die in the radial and circumferential directions is zero. From Hooke's Law, the triaxial stress can be written in cylindrical coordinates as [11] 
where E is Young's modulus and n is Poisson's ratio. When 1 r and 1 u are equal to zero, equation (3) can be rewritten as
If the Young's modulus E is assumed to be a constant in equation (4), the compressive stress and strain have a linear relationship. Letting V ¼ E1 z /s z , equation (4) can be rewritten as
The values of Poisson's ratio for the T-15 powder mixture at a mixing ratio of 0.77 are calculated based on the experimental data using equation (5) . They are tabulated in Table 6 and shown in Fig. 13 . The results show that the Poisson's ratio decreases with an increase in compressive stress. This agrees with the results from Hehenberger's study [10] . Since the Poisson's ratio is the ratio of lateral strain to axial strain during elastic deformation, the decrease in the Poisson's ratio with increasing stress means that the increments of lateral strain will become smaller with each increment of compressive stress (strain). 
CONCLUSIONS
The deformation behaviour of compacted powders under uniaxial compression depends heavily on the properties of the powder materials, the mixing ratio of powders of different sizes, as well as the loading history. It is possible to obtain the required elastic properties of the compacted powders used for the proposed RT application by adjusting these factors. The powder with the higher hardness leads to less compressive deformation under the same loading conditions. Higher hardness also helps to prevent compacted powders from forming blocks after compression, which is necessary for powder reuse. The T-15 tool steel powder is the best choice among the materials studied for the proposed new RT process. In addition, the mixing ratio of 0.77 is found to give the highest deformation resistance. The critical point is an interesting and important phenomenon for powder compression. It defines the limit for the operating load that produces the smallest increase in plastic strain under the tool working condition. The loading history is important for the deformation behaviour of compacted powders. A higher loading stress level generally leads to higher operating loads without further plastic deformation in subsequent loading. The load level that corresponds to the critical point increases with the number of loading cycles. The deformation resistance of the compacted powder can be improved by increasing the number of loading cycles. The unloading curves have a linear portion and are almost parallel in a certain range of the stress -strain curve. The Young's modulus and Poisson's ratios can be obtained using the experimental data from the linear portion. 
APPENDIX
